Projections of the recovery of the ozone layer are made with global atmospheric models 2 using a specified time-series of mixing ratios of ozone depleting substances (ODSs) at the 3 lower boundary. This time-series is calculated using observations, emission rates, and an 4 estimate for the atmospheric lifetime. ODS destruction and simulated atmospheric-5 lifetime vary among models because they depend on the simulated stratospheric transport 6 and mixing. We investigate the balance between the annual change in ODS burden, its 7 atmospheric loss, and the annual ODS input to the atmosphere using several models. 8
Introduction 22
Current ozone assessment efforts have two main goals. The first is to verify that the 23 ozone decreases of the 1980's and 1990's have ceased. The second is to predict the 24 behavior of the ozone layer, as the atmospheric burden of green house gases increases 25 and the concentrations of chlorofluorocarbons (CFCs) decline. The CFC decline is due to 26 cessation of production and continued atmospheric loss mainly through photolysis by 27 ultraviolet radiation in the stratosphere (e.g., Chapter 8 of Scientific Assessment of Ozone 28
Depletion: 2006 [WMO, 2007, hereafter referred to as WMO2007]). This paper is 29
focused on the second goal, and examines the consistency between the annual change in 30 the integrated atmospheric amount, the computed atmospheric loss and the input of CFCs 31 to the atmosphere implied by the boundary conditions. 32
33
The procedures used to produce the timeseries of CFC mixing ratios that are used in 34 assessments are discussed in detail in Chapter 8 of WMO2007. These boundary 35 conditions, specified at the lowest model layer, largely control the time evolution of the 36 atmospheric burden of the source gases (i.e., the total mass of the source gas in the 37 atmosphere) in all assessment models because the variations of the mass of source gases 38 in the stratosphere among the models are small compared with the mass of the source gas 39 in the troposphere. Projections for the recovery of the ozone hole using semi-empirical 40 models also rely on these predicted mixing ratios for chlorine and bromine source gases 41
[e.g., Newman et al., 2006] . 42
4
Mixing ratio boundary conditions have been used in assessments since the late1980s. 44
Prior assessments pre-dated international agreements to control CFC production, and 45 used a combination of emissions and mixing ratios to focus on the ozone change in the 46 upper atmosphere (e.g., Atmospheric Ozone 1985: Assessment of our Understanding of 47 Pawson et al. [2007] describe CGCM and its performance. The GCM dynamical core 158 uses a flux form semi-Lagrangian transport scheme [Lin and Rood, 1996, 1997 ] and a 159 quasi-Lagrangian vertical coordinate system [Lin, 1997] to ensure accurate representation 160 of the transport by the resolved-scale flow. The Lin and Rood [1996] transport scheme is 161 also used for constituent advection. The photochemical mechanism includes all 162 photolytic, gas-phase and heterogeneous reactions thought to be of importance in the 163 stratosphere. The photochemical scheme, an updated version of that used in the Goddard 164 CTM [e.g., Douglass and Kawa, 1999 and references therein] uses family 165 approximations and has been extensively tested through applications of the Goddard 166 CTM [Douglass et al., 2001; Stolarski et al. 2006b ]. Reaction rate and cross section data 167 are taken from the Jet Propulsion Laboratory Evaluation 14 [Sander et al., 2003] . 168 Processes involving polar stratospheric clouds use the parameterization described by 169 Considine et al. [2000] . In the troposphere ozone relaxes to the climatology described by 170
Logan [1999] . The ozone simulated using the CTM with meteorological fields from the 171 GCM was shown to compare well with the ozone climatology used in the GCM before 172 attempting to couple the GCM and photochemistry. A clock tracer is included in the 173 simulation, providing information about the three-dimensional distribution of the mean 174 age of air but no information about the age spectrum. the surface to 0.4 hPa. Individual species are advected separately with the exception of 199 some radical species, and the photochemical contribution to the individual tendency 200 equations are calculated using SMVGEAR II [Jacobson, 1998 ]. Experiments in which a 201 'pulse' of a conserved tracer is emitted and tracked provide information about the annual 202 mean age of air and the age spectrum. The two simulations differ only in the input 203 meteorological fields. One set of meteorological fields is taken from a GCM that uses a 204 11 version of the GEOS-4 GCM dynamical core described above and was developed 205 through a collaboration of NASA with the National Center for Atmospheric Research. 206 The second set of fields is taken from a version of the Goddard Earth Observing System 207 Data Assimilation System (GEOS-DAS). This version of GEOS-DAS uses this same 208 GCM in the assimilation process. compare well with observations. However, the overturning circulation associated with 213 this version of GEOS-DAS is much more rapid that that produced by the GCM, and 214 comparisons involving long-lived source gases show that transport produced by the GCM 215 fields is more realistic than that produced using the assimilated meteorology [Douglass et 216 al., 2003 ]. In the remainder of this paper, simulations using the GMI CTM with 217 meteorological fields from the GCM and GEOS-DAS are referred to as GMI-GCM and 218 GMI-DAS respectively. 219 220
Two-Dimensional CTM 221
The GSFC two-dimensional (2D) CTM, originally discussed in Douglass et al. [1989] 222
and Jackman et al. [1990] , has undergone steady upgrades and improvements [Fleming et The residual circulation is computed from diabatic heating rates, and the trajectory model 247 scrambles vertical and horizontal positions to simulate mixing [Feller, 1968] . S2000 248
show that the parcel spectra produced by long simulations using a 3D trajectory model 249 are similar to those produced by this 2D model. The 2D trajectory model is used because 250 it is more than 100 times faster than an equivalent 3D calculation. 251 
Age of Air and Cly Distributions 285
Circulation differences among the models are also apparent through comparison of the 286 stratospheric age-of-air derived from the simulations. These differences can be evaluated 287 by comparison to observations [Boering et al., 1996] The differences are greater than 10 percent for most of the region between 70 and 10 hPa, 303 and are greater than 30% in much of the southern hemisphere (Figure 4(c) ). We test the 304 realism of the 'fast' versus the 'slow' circulation using aircraft observations of CFCl 3 
where "(x) is the mixing ratio of a chlorofluorocarbon in a parcel at location x (latitude, 312 altitude, pressure, time) and " i is the mixing ratio that the parcel would have had no loss 313 occurred. We estimate " i using the mean age to determine the constituent mixing ratio at 314 the time of entry at the tropical tropopause (i.e., the time of the measurement of " minus 315 the mean age). We tested this approximation by comparing the mean of the distribution 316 of initial mixing ratios calculated from the constituent time series at the tropical 317 tropopause using the GMI age spectra calculated with " i calculated using the mean age. 318
The age spectra are not symmetric and have a tail of elements corresponding to older ages. 319
Each element j is associated with a different entry value " i j because the CFCs are 320 increasing with time. The means of the initial values associated with each element in the 321 age spectrum are only a few percent smaller than values " i calculated using the mean age. 322 323
Schauffler et al.
[2003] find a compact relationship between mean age of air and the 324 fractional release in the lower stratosphere using observations from several aircraft 325 campaigns. The simulations considered here produce compact relationships for CFCl 3 326
and CF 2 Cl 2 at ~ 50 hPa (a comparable height to the observations). These are shown in 327
Figure 5 along with the fractional releases and mean ages derived from observations by 328 increases monotonically with age. Simulations using the slower circulations (CGCM, 330 GMI-GCM and 2D-Base), with realistic values for mean age-of air (Figure 3) , produce 331 relationships between mean age and fractional release similar to those derived from 332 observations. The fractional releases of both compounds are somewhat larger than 333 observed for air masses with older mean age, with larger differences for CF 2 Cl 2 . The fast 334 circulations (GMI-DAS and 2D-fast) produce relationships that are clearly separated 335 from those derived from observations or produced by the other simulations ( Figure 5) . 336
337
The ranges of values are somewhat smaller for the GMI simulations than for any of the 338 other simulations. The annual zonal mean age is determined for both GMI simulations 339 using "pulse" experiments; this is plotted vs. the fractional release calculated from annual 340 zonal mean tracer fields. The mean age for CGCM is calculated using a "clock" tracer, and 341 its seasonal and longitudinal variations are matched with similar variations in tracer fields. 342
The ranges of age and fractional release using annually zonal averaged fields are reduced 343 by the temporal and spatial averaging but the relationship between them is similar to that 344 obtained with the other simulations. 345
Budgets for CFCl 3 and CF 2 Cl 2 346
The rate of change of a particular CFC's burden B satisfies a conservation equation 347
where F is the flux (i.e., the emissions into the atmosphere) and $ is the atmospheric 349 lifetime of that CFC. In all of our simulations, the CFC mixing ratio in the boundary layer 350 18 is specified. Because the mass of the stratosphere is small and the entire troposphere 351 responds to the boundary conditions, the total atmospheric burdens of CFCl 3 The maximum loss of CF 2 Cl 2 takes place at higher altitude (Figure 2) , and this is 470 reflected by Figure 10b . The relationship between fractional release and age is fairly 471 compact and linear for element ages less than 2.5 -3 years, but there is little correlation 472 between the fractional release and element age for older ages. The relationship between 473 the age of the element and the maximum altitude is also much more compact for elements 474 younger than three years (Figure 10c ). This result is consistent with the findings of Hall 475
[2000] who also studied the maximum altitude distribution of elements of the age 476 spectrum. 477 478 S2000 present a conceptual framework for the relationship between the mean age and the 479 tracer amount for long-lived tracers and show that under an average path approximation 480 24 the tracer amount is more strongly related to the age than to the parcel path. The results 481 of Figure 10 support the relationship between tracer amount and age for younger 482 elements in the age spectrum but behavior is different for the older elements. We explore 483 this result further by plotting the fractional release as a function of the maximum altitude 484 experienced by the element (Figure 11 ). There is a compact relationship between the 485 fractional release for each element and its maximum altitude for both CFCs. This result makes sense in the context of the trajectory calculations. The elements in the 506 age spectra for the faster circulations must be associated with higher maximum altitudes 507 than elements with similar ages from the age spectra for the slower circulations, thus 508 more chlorine is released from the CFCs in these circulations even though their residence 509 time in the stratosphere is reduced due to the more rapidly overturning circulation. 510 511
Future age and fractional release distributions 512
As noted above, the lifetimes of CFCl 3 and CF 2 Cl 2 calculated for CGCM 513 simulations decrease as the integrations progress (Figure 8 ). Austin and Li [2006] show 514 that the mean age decreases as the strength of the overturning circulation increases using a 515 similar CCM. The CGCM mean age decreases globally throughout the simulation; the 516 difference in the zonal mean age between 1995 and 2045 is shown in Figure 13 for one 517 simulation; all simulations show similar patterns. In the lower stratosphere the fractional 518 release and mean age exhibit a compact relationship ( Figure 5 ). The compact relationships 519 change with time because the mean age is more sensitive to the simulated change in 520 circulation than the fractional release (Figure 14) . The mean age decreases everywhere in 521 the stratosphere (Figure 13 ), but the fractional release can decrease, remain nearly 522 constant, or can increase. decreases, suggesting that although some elements in the age spectrum experience higher 539 maximum heights and greater loss, this is balanced by the overall shift in the age spectrum 540 towards younger ages. The shift in the relationship between the mean age and the 541 fractional release as the circulation speeds up is explained by the relationships between 542 the age spectrum, the maximum height, and the fractional release explored in the previous 543 section. Figures 15c and 15d In all current ozone assessment, ODS mixing ratios are specified as model boundary 552
conditions. The use of these mixing ratio boundary conditions for the past record 553 guarantees that the tropospheric mixing ratios match observations. Even so, the amount of 554 inorganic chlorine in the atmosphere varies significantly among simulations because the 555 loss rates of the chlorofluorocarbons vary for different circulations. 
